The presynaptic, cocaine-and amphetamine-sensitive dopamine (DA) transporter (DAT, SLC6A3) controls the intensity and duration of synaptic dopamine signals by rapid clearance of DA back into presynaptic nerve terminals. Abnormalities in DAT-mediated DA clearance have been linked to a variety of neuropsychiatric disorders, including addiction, autism, and attention deficit/hyperactivity disorder (ADHD). Membrane trafficking of DAT appears to be an important, albeit incompletely understood, post-translational regulatory mechanism; its dysregulation has been recently proposed as a potential risk determinant of these disorders. In this study, we demonstrate a link between an ADHD-associated DAT mutation (Arg615Cys, R615C) and variation on DAT transporter cell surface dynamics, a combination only previously studied with ensemble biochemical and optical approaches that featured limited spatiotemporal resolution. Here, we utilize high-affinity, DAT-specific antagonist-conjugated quantum dot (QD) probes to establish the dynamic mobility of wild-type and mutant DATs at the plasma membrane of living cells. Single DAT-QD complex trajectory analysis revealed that the DAT 615C variant exhibited increased membrane mobility relative to DAT 615R, with diffusion rates comparable to those observed after lipid raft disruption. This phenomenon was accompanied by a loss of transporter mobilization triggered by amphetamine, a common component of ADHD medications. Together, our data provides the first dynamic imaging of single DAT proteins, providing new insights into the relationship between surface dynamics and trafficking of both wild-type and disease-associated transporters. Our approach should be generalizable to future studies that explore the possibilities of perturbed surface DAT dynamics that may arise as a consequence of genetic alterations, regulatory changes, and drug use that contribute to the etiology or treatment of neuropsychiatric disorders.
depend both on localization with these membrane microdomains and interactions with intracellular protein networks, which appear to be critical for proper spatiotemporal regulation of DAT function. 11,13−15 Despite the clear clinical importance of understanding DAT modulation, a dearth of information exists that relates alterations in these regulatory mechanisms to a risk for brain disorders. To a significant degree, investigation of these mechanisms has been limited by a reliance on the ensemble-averaging approaches available with conventional biochemical and optical techniques.
Biomolecule detection using quantum dots (QDs), nanometer-sized semiconductor crystals, addresses the limitations associated with population-based optical and biochemical techniques, as QDs offer several key advantages over traditional fluorophores: (i) broad absorption spectra and narrow, Gaussian-like emission spectra (25−40 nm at full-width halfmaximum of the emission peak), (ii) high quantum yields and large molar extinction coefficients, (iii) superior resistance to photobleaching, and (iv) versatility of surface functionalization. [28] [29] [30] 59 Moreover, the use of QDs considerably simplifies the technical requirements for a highly sensitive, single molecule tracking experiments where observation of single QD-labeled targets can be achieved with ∼5−10 nm accuracy overtime periods that range from milliseconds to minutes. 31, 32 The primary focus of our group has been the development of ligand-conjugated QD probes that enable a specific targeting of neuronal membrane proteins, such as the serotonin (5-HT) transporter (SERT), DAT, and the norepinephrine (NE) transporter (NET), as well as the γ-aminobutyric acid (GABA) receptor. 33−41 Several groups have made elegant use of QDs conjugated to surface-epitope directed antibodies to track the lateral mobility and regulation of cell surface receptors and transporters. 60−62 However, since many membrane proteins lack surface-epitope antibodies suitable for dynamic tracking of single molecules, the cornerstone of our probe development has been the QD coupling of high-affinity, small-molecule antagonists that can provide for pseudoirreversible probe binding and the analysis of surface trafficking properties. 39−41 Our approach enables both highly sensitive population detection of transporters and receptors as well as single QD analysis of target protein diffusion dynamics. In the most recent effort, Chang et al. used antagonist-conjugated QD probes in conjunction with high-speed, line-scanning laser confocal microscopy to reveal a connection between receptor-mediated signaling-pathways that alter SERT activity and the membrane dynamics of SERT proteins on the surface of serotonergic cells. 41 Here we adapted our recently reported, DAT-specific probe IDT444 to establish dynamic imaging of single DAT-QD complexes on the surface of living cells. 38, 40 The biotinylated, PEGylated cocaine analogue IDT444 provides for labeling of surface DAT molecules via streptavidin-conjugated QD (SavQD) coupling to DAT-bound ligand and has been shown to bind to DAT with high affinity and excellent specificity. 38 In this study, we extend our efforts to visualize single QD-labeled DAT complexes in living cells, providing for a characterization of their membrane dynamics and their sensitivity to membrane cholesterol extraction, drug impact, and ADHD-derived coding variation.
■ RESULTS AND DISCUSSION
Tracking Single DAT-QD Complexes. To overcome the limitations of ensemble-averaging and poor spatiotemporal resolution of the currently existing arsenal of DAT probes, we developed a high-affinity, biotin-labeled and DAT-specific cocaine analogue IDT444 that permits pseudoirreversible binding to SavQDs, while retaining high-affinity interactions with DAT. 38, 40 The flexible PEG-based linker of IDT444 also reduces potential steric hindrance of QDs with the cell surface in addition to enhancing water solubility of the ligand. 46 With this probe strategy, we demonstrated previously that QD-IDT444 conjugates successfully detected plasma membranelocalized DATs in both transiently and stably transfected expression systems. Importantly, DAT-bound QD-IDT444 conjugates displayed a very slow off-rate (>1 h), allowing for prolonged visualization of surface DAT molecules. 40 In the current study, we implemented our two-step QD labeling strategy to establish, for the first time, the dynamic imaging of membrane DATs in live cells with single QDs. The two-step labeling approach employed to detect membrane DATs is illustrated in Figure 2A . A representative confocal fluorescence image in Figure 2B depicts individual DAT-QD complexes on the cell surface. Nonspecific QD binding could be virtually eliminated by the inclusion of at least 1% w/w bovine serum albumin (BSA) in the QD imaging buffer. We monitored the movement of QD-labeled DATs in Flp-In 293 cell membranes using time-lapse image acquisition at a scan speed of 10 Hz over 1 min. 41 It should be noted that only cell surface-bound QDs in a focal plane at the membrane-glass interface were detected. To minimize the effects of endocytosis, QD labeling was carried as the last experimental step, and QD-labeled cells were imaged immediately postlabeling. Also, data acquisition was achieved within 10 min of the final wash step. Fluorescence intermittency, an intrinsic property of single nanocrystals, was used as a criterion to ensure analysis of single QD events ( Figure 2C ). 42−45 An example of a DAT-QD trajectory is shown in blue in Figure 2D , with blinking/off intervals shown in red. To successfully interpolate the position of QDs between frames during which they blinked, IDL-based single tracking algorithms were employed (see Methods).
Attention-Deficit/Hyperactivity-Disorder-Derived DAT Coding Variation Produces Altered Transporter Mobility. Recently, in a screen for DAT coding variants in ADHD subjects, we identified and characterized the rare variant, R615C, where an arginine codon at amino acid 615 amino has been altered to encode cysteine. 27 The 615C variant is located in a highly conserved region of the DAT C-terminus, a region previously implicated in DAT trafficking regulation ( Figure 1B) . 21, 54, 55 We found that when DAT 615C is studied in in stably transfected Flp-In 293 cells, the variant transporter displays a loss of DAT trafficking sensitivity to both protein kinase C activation as well as amphetamine treatments. 27 In the same report, we also demonstrated that the DAT 615C variant is hyperphosphorylated and displays altered associations with flotillin-and GM1 ganglioside-enriched membrane microdomains. In the present study, we sought to test the hypothesis that these behaviors may be accompanied by disrupted lateral diffusion, visible with our antagonist-conjugated QD approach. Example time series of Flp-In 293 cells expressing DAT 615R (wildtype) or 615C (mutant) labeled with QDs are shown in Supporting Information Videos 1 and 2, as a single cell and a monolayer cluster of five cells, respectively. Time-lapse images were taken immediately after labeling, using IDT307 to visual the interior of the cells and to rule out endocytosis. Visual inspection indicated that the majority of QD-DATs in both populations remained largely confined over a 1 min time interval. Examples of QD trajectories are shown in Figure 3A . Several trajectories of QDs immobilized on a glass coverslip are shown for comparison ( Figure 3A , bottom row). The obtained trajectories were analyzed, and the combined MSD versus time . We then compared the median area explored at 1 s by DAT in the plasma membrane and confirmed that the explored area is significantly larger for the 615C variant ( Figure 3D ; p < 0.001, one-way ANOVA with a Bonferroni-Dunn's post hoc test). Figure 3E shows 5 s displacement vector maps for all QD-DAT 615R and QD-DAT 615C trajectories, with initial QD DAT 615R basal vs DAT 615C basal, ***P < 0.001; DAT 615R basal vs DAT 615R + amphetamine, **P < 0.01; DAT 615C basal vs DAT 615C + amphetamine, P = 0.7). For each data set, n ≥ 250 single DAT-QD trajectories from at least three independent experiments. Asterisks in (B) and (C) denote P < 0.001 and P < 0.01 statistical significance levels, respectively. positions located at the origin. Again, QD-DAT 615C complexes exhibited greater mobility than their QD-DAT 615R counterparts, as indicated by a more scattered distribution and a significantly larger 5 s radial displacement (p < 0.001, one-way ANOVA with a Bonferroni-Dunn's post hoc test). Thus, in agreement with our hypothesis, we determined that DAT 615C membrane dynamics were characterized by a significantly faster diffusion rate, a larger explored membrane area at 1s, and a greater mobile fraction under basal conditions. Our data is consistent with altered DAT 615C basal membrane dynamics as contributing to potential functional dysregulation observed with the variant. 27 DAT-615R and DAT-615C Surface Mobility is Differentially Regulated by Methyl-β-cyclodextrin and Amphetamine. Cholesterol and GM1 ganglioside-rich membrane rafts play a major role in the capacity for DAT regulation, produced both by endogenous signaling pathways and by psychostimulants. 18, 20, 24 Our prior study using confocal microscopy revealed a significant loss of localization to membrane microdomains, revealed by GM1 labeling with fluorescent cholera toxin B. 27 These findings predict that the DAT 615C variant may display an altered sensitivity to raft disruption, achieved via membrane cholesterol extraction. To examine the effects of membrane raft disruption on DAT lateral mobility, we utilized methyl-β-cyclodextrin, a commonly used cholesterol-extracting agent. Previously, we demonstrated that methyl-β-cyclodextrin treatment of SERT-expressing RN46A cells results in a disruption of GM1 positive membrane microdomains and an increase in the lateral mobility of Qdottagged SERT proteins. 41 Additionally, Adkins et al. were able to mobilize a fraction of cell surface DAT molecules after membrane raft disruption with 10 mM methyl-β-cyclodextrin, as measured using ensemble-averaged fluorescence recovery after photobleaching (FRAP). 24 To investigate this possibility at the single molecule level, we treated DAT 615R-and DAT 615C-expressing Flp-In 293 cells with 5 μM methyl-β-cyclodextrin for 30 min, performed the two-step QD labeling protocol, and then acquired confocal time-lapse images (note that the concentration of methyl-β-cyclodextrin used is lower than Sakrikar et al. due to potential morphology changes seen with higher doses.) Wild-type DAT 615R mobility after membrane raft disruption was characterized by a significantly greater diffusion coefficient with a larger explored area when compared with untreated cells (Table 1; Figure 4 ; p < 0.001, one-way ANOVA with a Bonferroni-Dunn's post hoc test). In contrast, methyl-β-cyclodextrin treatment failed to enhance the mobility of DAT 615C (Figure 4B and C; p > 0.05, one-way ANOVA with a Bonferroni-Dunn's post hoc test), supporting the hypothesis that the variant transporter's functional and regulatory disturbance arises from its mislocalization to a compartment where cholesterol content is not a determinant of the transporter's lateral mobility. The decreased localization of DAT 615C in membrane domains is consistent with previous findings with mutations of the carboxyl terminus. 23 Interestingly, as we previously demonstrated that DAT 615C exhibits constitutive endocytosis and recycling, as compared with the highly regulated intracellular trafficking of DAT 615R, our findings support the idea that membrane compartmentalization is critical for normal DAT regulation and that risk for DArelated disorders, here modeled with a genetic variant linked to ADHD, may arise in some individuals as a result of DAT mistargeting to these domains.
In our initial studies, we also demonstrated that the DAT 615C variant exhibits hyperphorsphorylation and a marked insensitivity to amphetamine-induced trafficking. 27 Amphetamine treatments evoke both an acute translocation of DAT to the cell surface, seconds after exposure, or cause DAT internalization after minutes of amphetamine treatment. 17, 22, 27 Our visualization methods, implemented over a millisecond to seconds time scale, should not be influenced by rapid membrane insertion events as QD labeling is restricted to proteins labeled at the cell surface. Thus, we treated DAT 615R-and DAT 615C-expressing Flp-In 293 cells with 10 μM amphetamine for 30 min and then exposed cells to the two-step QD labeling protocol.
Using real-time single-particle trajectory analysis, we observed a significant increase to the lateral membrane mobility of wild-type DAT 615R when treated with amphetamine (Table 1 ; Figure 4D , E; p < 0.001, one-way ANOVA with a Bonferroni-Dunn's post hoc test). This is supported by Rao et al. in which ensemble-averaged florescence recovery using AlexaFluor488-DAT demonstrated increased lateral mobility in filopodia of postnatal DA neurons after 60 μM amphetamine treatment for 30 min. 56 We also demonstrate that DAT 615C proteins are already as mobile as the amphetamine treated wildtype DAT, and that addition of amphetamine does not result in additional elevations in DAT 615C lateral membrane mobility (p > 0.05, one-way ANOVA with a Bonferroni-Dunn's post hoc test). In addition, as stated previously, DAT 615C also shows no increase in membrane mobility upon disruption of cholesterol with MβCD. It has been hypothesized that the amphetamine-induced increase in DAT mobility is attributed to calcium/calmodulin-dependent protein kinase II-mediated phosphorylation of the DAT N-terminus. 56 This is consistent with our single-particle trajectory analysis, as the DAT 615C variant demonstrates basal hyperphosphorylation of the Nterminus. 16, 27 We suspect that our data indicates a mislocalization the variant transporter to membrane domains lacking normal protein associations that restrict lateral mobility. DAT hyperphosphorylation may either drive transporter mislocalization or arise from mislocalization away from compartments that restrict phosphorylation (e.g., the presence of DAT phosphatases). Further studies are warranted that explore the spatial segregation of DAT post-translational modifications in the context of the DAT 615C mutation.
■ SUMMARY AND CONCLUSIONS
An important goal of this study was to establish a generalizable strategy for evaluation of the plasma membrane dynamics of the cocaine-and amphetamine-sensitive DAT protein with the nanometer resolution required to monitor transporters localized to membrane subdomains. Our single QD-based imaging approach enabled us, for the first time, to detect the lateral mobility of individual DAT-QD complexes in living cells. Using this approach, we were able to assess transporter responses to microdomain destabilization, a disease-associated mutation, and an addictive psychostimulant also used in the treatment of ADHD. Real-time, single DAT-QD trajectory analysis revealed that plasma membrane dynamics of the ADHD-associated DAT 615C coding variant exhibit a significantly higher diffusion rate, a larger explored membrane area, and a greater mobile fraction under basal conditions. In response to cholesterol extraction and amphetamine stimulation, single DAT 615C molecules fail to exhibit altered mobility, consistent with the transporter's surface mislocaliza-tion and consequent elevation in basal mobility. We hypothesize that the higher basal mobility of the mutant transporter reflects an untethering of the variant transporter from regulated protein associations normally acquired by transporter localization to cholesterol/GM-1 enriched membrane microdomains. Further use of our approach should allow for an analysis of DAT regulatory proteins, providing additional clues to DA regulatory perturbations that can add further support for DA-linked neuropsychiatric disorders.
■ METHODS
Materials. DMEM, FBS, hygromycin B, AMP QDs, and SavQDs (emission max at 655 nm) were from Life Technologies. Amphetamine, methyl-β-cyclodextrin, poly-D-lysine, and BSA were purchased from Sigma-Aldrich. Four-well chambered cover glass dishes were purchased from Lab-Tek. IDT307 (APP+, 4-(4-dimethylamino)-phenyl-1-methylpyridinium iodide) and IDT444 were synthesized as previously described. buffer and incubated with a subsaturating IDT444 concentration of 10 nM in KRH at 37°C and 5% CO 2 . Following two washes with warm KRH, cells were then incubated with a 50 pM dose of SavQDs in warm phenol red-free DMEM/2% bovine serum albumin (imaging buffer), washed three times with warm imaging buffer, and used for time-lapse image series acquisition. To perform cholesterol depletion, methyl-β-cyclodextrin was added to Flp-In 293 cells to a final concentration of 5 μM (30 min incubation at 37°C and 5% CO 2 ). Cells were then washed three times with warm KRH, subjected to the QD labeling protocol, and imaged. Amphetamine was administered in an analogous way, with a final effective dose of 10 μM (20 min incubation at 37°C and 5% CO 2 ). Amphetamine-treated cells were washed three times with warm KRH, subjected to the QD labeling protocol, and imaged in the presence of 10 μM amphetamine.
High-Speed Confocal Microscopy. For high speed line-scanning confocal microscopy, images were obtained on a Zeiss LSM 5 Live confocal system and viewed with a Zeiss 63×/1.4 NA oil immersion objective lens. Excitation was provided by a 488 nm 100 mW diode laser. Imaging was performed at 37°C. QD fluorescence was collected using a long pass 650 filter. Single QD tracking was performed at a scan rate of 10 Hz for 1 min. Data were obtained within 10 min of the final wash step after QD labeling.
Data Analysis. Individual TIFF (tagged image file format) images were extracted from sequence files and recompiled as 8-bit image stacks by using ImageJ (National Institutes of Health, Bethesda, MD).
Image analysis and trajectory construction were performed using IDL software (Research Systems, Boulder, CO) with algorithms available as shareware at http://www.physics.emory.edu/faculty/weeks/. The localization accuracy of the central position of the QD in our imaging approach was estimated to be ±10−15 nm. 47 The uncertainty of the fitted coordinate was estimated (Δσ) via Δσ ≈ w/SNR (nm), where w (width) is approximately equal to the wide-field diffraction limit (which for visible light is about 250 nm) and SNR is signal-to-noise ratio defined as SNR = I 0 /(σ bg 2 + σ I0 2 ) 1/2 , where I 0 is the maximum signal intensity above background, σ bg 2 is the variance of the background intensity values, and σ I0 2 is the variance of the maximum signal intensity above the background. Intermittency of QD fluorescence was used to verify that single fluorophores were analyzed, and extracted trajectories were at least 5 s in length. Trajectories were considered continuous if a blinking QD was rediscovered within a 3-pixel radius and 10-frame window. For each trajectory, mean square displacement (MSD), r 2 (t), was computed as follows: 
where δt is the temporal resolution of the acquisition device, (x(jδt), x(jδt)) is the particle coordinate at t = jδt, and N is the number of total frames recorded for an individual particle. 
This fit is generally used because it determines D independently of the type of motion. 57, 58 The distribution of explored area (at t = 1 s) was represented as box plot histograms with median, 25% and 75% interquartiles, and the distribution of D 1−3 -values for each experimental condition was displayed as cumulative probability histograms. Statistical significance of differences in median values was determined using the one-way ANOVA with Bonferroni-Dunn's post hoc test on nontransformed values. ■ ABBREVIATIONS ADHD, attention deficit/hyperactivity disorder; AMPH, amphetamine; BSA, bovine serum albumin; CaMKII, calcium/calmodulin-dependent protein kinase II; DA, dopamine; DAT, dopamine transporter; DAT 615R, wildtype DAT coding variant; DAT 615C, ADHD-derived DAT R615C coding variant; MβCD, methyl-β-cyclodextrin; PKC, protein kinase C; QD, quantum dot; SavQD, streptavidin-conjugated QD; SQDT, single-quantum dot tracking
